We have studied three afibrinogenemic patients, who had only trace amounts of plasma and platelet fibrinogen as measured by radioimmunoassay, and demonstrate here that the residual aggregation observed in their platelet-rich plasma is dependent upon von Willebrand factor (vWF) binding to the platelet membrane glycoprotein (GP)IIb/IIIa complex. The abnormality of aggregation was more pronounced when ADP, rather than thrombin, collagen, or the combination of ADP plus adrenaline was used to stimulate platelets. With all stimuli, nevertheless, the platelet response was completely inhibited by a monoclonal antibody (LJP5) that is known to block vWF, but not fibrinogen binding to GPIIb/IIIa. Addition of purified vWF to the afibrinogenemic plasma resulted in marked increase in the rate and extent ofaggregation, particularly when platelets were stimulated with ADP. This response was also completely blocked by LJP5.
is typically observed in patients with congenital deficiency of either protein, the corresponding disease states being known as afibrinogenemia and von Willebrand disease (1) (2) (3) (4) . Specific receptors exist on the platelet membrane for both proteins. Considerable clinical and experimental evidence indicates that vWF interaction with the platelet membrane glycoprotein (GP) lb functions in promoting the initial attachment of platelets to the damaged vessel wall (adhesion) (5, 6) , whereas fibrinogen interaction with the GPIIb/IIIa complex is necessary for subsequent formation of the platelet plug through platelet-platelet contact (aggregation) (7, 8) .
In addition to binding to GPIb, vWF also interacts with GPIIb/IIIa (9, 10). Fibrinogen and vWF compete for binding to GPIIb/IIIa, however, and, at physiological plasma concentrations of the two proteins, fibrinogen binding far exceeds that of vWF (1 1-13) . This latter observation has put in question the physiological relevance of vWF binding to GPIIb/IIIa. On the other hand, it has long been known that platelet aggregation is not completely abrogated in patients with afibrinogenemia (14) (15) (16) as it is in typical patients with Glanzmann thrombasthenia, a condition in which the GPIIb/IIIa binding site on platelets is lacking (17, 18) . Moreover, the bleeding time is prolonged in afibrinogenemic individuals but not to the extent usually seen in severe von Willebrand disease or Glanzmann thrombasthenia.
In the studies reported here we provide evidence that vWF interaction with GPIIb/IIIa is responsible for the residual degree of aggregation seen in afibrinogenemia. Moreover, we demonstrate that increasing the plasma levels of vWF may ameliorate the bleeding abnormality of these patients.
Methods
Patients. The three afibrinogenemic patients who participated in this study (B.P., V.M., and M.M.) belong to three different kindreds and have been previously described in detail (19-2 1 Monoclonal antibody. The anti-GPIIb/IIIa monoclonal antibody UP5 has been recently described in detail (24) . It blocks vWF binding to stimulated platelets without affecting fibrinogen binding. Monovalent Fab fragment of this antibody was prepared as described (24) . It was stored in 0.02 M Tris * HCI-0. 10 M NaCl buffer, pH 7.35.
Purification offibrinogen and vWF. Fibrinogen was purified from blood collected in acid-citrate-dextrose anticoagulant, and containing 0.1 M (final concentration) epsilon-aminocaproic acid, using the glycine precipitation method of Kazal et al. (25) . A final gel filtration step through an 80 x 5-cm 4B-CL Sepharose column (Pharmacia Fine Chemicals, Uppsala, Sweden) was performed to remove traces of contaminating vWF. In the purified fibrinogen preparation, 95% of the protein was clotted by addition of alpha thrombin. vWF was purified following methods previously described in detail (26) . In addition, purified vWF was treated with a rabbit antihuman fibrinogen IgG, coupled to Sepharose 4B-CL beads, to remove trace contamination of fibrinogen. The preparation of purified vWF had > 100 U of ristocetin cofactor activity and vWF antigen per milligram of protein and had a multimeric structure like that of plasma vWF (10). Other characteristics of these purified proteins, as obtained in our laboratories, were recently reported (10, 24).
Binding studies. vWF was radiolabeled with 125I as described (10).
The binding of '25I-vWF to thrombin-stimulated washed platelets was performed as previously reported in detail (10). The method for preparation ofwashed platelet suspensions using the albumin density gradient technique has also been reported (24, 27) .
Results
Platelet-rich plasma from the three afibrinogenemic patients showed minimal aggregation when stimulated with ADP at 1.65 MM, but more evident aggregation when the ADP concentration was raised to 6.25 ,M (Fig. 1) . Addition of purified vWF to the plasma resulted in increased aggregation at either concentration of ADP ( Fig. 1) . At the higher concentration of ADP, the rate and extent of platelet aggregation observed after the addition of 75 gcg/ml of vWF were similar to those seen after addition of 700 gg/ml of fibrinogen, but at the lower ADP concentration the effect of fibrinogen was much more pronounced than that of vWF ( Fig. 1) . The ADP-induced aggregation of afibrinogenemic platelet-rich plasma, whether with or without addition of purified vWF, was markedly inhibited by the anti-GPIIb/IIIa monoclonal antibody UP5 (Fig. 2) . Accordingly, this antibody inhibited 1251I-vWF binding to normal or afibrinogenemic platelets stimulated by ADP plus adrenaline (Table I) . In previous studies we have shown that antibody UPS has no effect on the binding of fibrinogen to GPIIb/IIIa (see reference 24 for full details). Moreover, antibody UP5 has no effect on the aggregation of normal platelet-rich plasma (Fig. 3 ). which fibrinogen had been added aggregated normally, even in the presence of antibody UP5 (Fig. 4) . Afibrinogenemic platelet-rich plasma showed aggregation when stimulated with collagen or alpha thrombin. With the latter stimulus, both the rate and extent of aggregation were similar to normal, even without addition of exogenous fibrinogen or vWF (Fig. 5) . Nevertheless, the aggregation of afibrinogenemic platelet-rich plasma induced by collagen or thrombin was markedly inhibited in the presence of antibody UP5, demonstrating, therefore, that it was mediated by vWF interaction with GPIIb/ lIla (Fig. 5) .
The plasma levels of vWF increased in the two afibrinogenemic patients treated with DDAVP, but the concentration of fibrinogen remained extremely low (Table II) . The bleeding time, measured 45 min after the infusion of DDAVP, was shorter than it was before treatment (Table II) . Moreover, the extent of ADP-induced platelet aggregation, tested as the most abnormal aggregation parameter in the patients, increased 45 min after the DDAVP infusion, but returned towards baseline levels after 4 h (Fig. 6 ). These findings demonstrated that increasing the plasma levels of vWF in vivo had similar effects as the addition of purified vWF to the afibrinogenemic platelet-rich plasma in vitro.
Discussion
Fibrinogen is considered an essential cofactor for platelet aggregation, and its role in this process has been correlated to the occupancy of a specific receptor on the platelet membrane GPIIb/IIa complex (8, 28, 29 of aggregation of afibrinogenemic platelet-rich plasma is only slightly less than normal when potent stimuli, like thrombin, are used. The initial response of platelets to relatively high concentrations of ristocetin is normal in both afibrinogenemia (21) and Glanzmann thrombasthenia (30) , since a different platelet receptor, namely GPIb, and a different adhesive glycoprotein, namely vWF, are involved in this response (10). At lower ristocetin concentrations, however, aggregation may be abnormal in both conditions (21, 30) . This finding may reflect the participation of fibrinogen in platelet aggregation mediated by vWF binding to GPIb, as suggested by recent studies (31, 32) . demonstrate the aggregating effect of human alpha thrombin (2 NIH U/ml) in the absence (control) or in the presence of antibody UP5
(200 Ag/ml). Platelet count was 3 X 108/ml in both cases.
The reasons for the residual platelet function observed in afibrinogenemia have not been elucidated until now (33) . Previously published observations have suggested that purified vWF may, in the absence of added fibrinogen, mediate the aggregation of washed platelets (34) , but these studies have not addressed the nature of the membrane receptor involved and have not ruled out the possible participation of platelet-derived fibrinogen in the process. Recent work, however, has demonstrated that other adhesive glycoproteins, namely vWF and fibronectin, may, as well as fibrinogen, occupy the GPIIb/IIIa receptor (9, 10, 35). We have investigated the possible role ofvWF in the aggregation ofafibrinogenemic platelets by using a recently described monoclonal antibody, identified as LJP5, which is directed against the platelet membrane GPIIb/IIIa complex. This antibody selectively blocks the binding of vWF to GPIIb/IIIa but has no effect on fibrinogen binding nor on the aggregation of normal platelet-rich plasma (24) . Moreover, in yet unpublished studies (performed by Drs. Edward F. Plow and Mark H. Ginsberg, the Research Institute of Scripps Clinic), it has been established that UP5 does not interfere with the binding of fibronectin to GPIIb/ II1a. We report here that antibody IJP5 has a marked inhibitory effect on platelet aggregation in afibrinogenemia, thus demonstrating that, in the absence of fibrinogen, platelet-platelet interaction is mediated by vWF binding to GPIIb/IIIa.
The aggregation of afibrinogenemic platelet-rich plasma in response to agonists like thrombin, collagen, or the combination of ADP plus adrenaline is less abnormal than in response to ADP alone. Such finding may be related to the fact that more vWF is likely to be released from the platelet a-granules in response to thrombin, or other strong stimuli, than it is in response to ADP. The released platelet vWF may then contribute to mediating aggregation. In any case, the inhibitory effect ofantibody LIPS demonstrates that the aggregation of afibrinogenemic platelet-rich plasma in response to all the agonists tested is mediated by the interaction of vWF with GPIIb/IIIa. Only minute amounts of fibrinogen are present in the platelets of patients like those described here (see Results). Although this fibrinogen, as well as vWF, is released from platelets, its contribution to aggregation is likely to be irrelevant, presumably as a consequence of its extremely low concentration. This concept is supported by the observed inhibitory effect exerted by antibody UP5, which has no effect on platelet aggregation mediated by the binding offibrinogen to the GPIIb/IIIa receptor (see reference 24 and Figs. 3 and 4) .
Recently, it has been reported that fibronectin may also be involved in mediating platelet aggregation, as demonstrated by the inhibitory effect of an anti-fibronectin monoclonal antibody on the aggregation of gel-filtered platelets induced by thrombin and the ionophore A-23187 (36 Larger amounts of vWF than normally present in the circulation must be added to afibrinogenemic platelet-rich plasma in order to improve the aggregation in response to ADP. This finding can be explained by the observation, previously reported in several distinct studies (10, 12, 13, 34, 37, 38) , that the amount ofvWF bound to GPIIb/IIIa in response to ADP is considerably less than that bound in response to thrombin. It appears, however, that the abnormality of primary hemostasis observed in afibrinogenemic patients is reflected better by the abnormal pattern of ADP-induced aggregation rather than the nearly normal response to thrombin.
The aggregation induced by ADP in afibrinogenemic plateletrich plasma was improved when vWF levels in the circulation were increased by the infusion of DDAVP. It is of interest that, after administration of DDAVP into two patients, a transitory shortening ofthe bleeding time was observed in parallel with an amelioration of the aggregation pattern. The bleeding time, as well as ADP-induced platelet aggregation in vitro, were not completely normalized, however. This suggests that the interaction of vWF with GPIIb/IIIa may promote platelet-platelet interaction, but cannot substitute completely for the function of fibrinogen in primary hemostasis, even at the high vWF plasma levels attained after treatment with DDAVP. Moreover, it should be considered that other, yet undefined mechanisms, in addition to the binding of vWF to the GPIIb/IIIa receptor, may explain the effect of DDAVP on primary hemostasis in the patients here described. Nevertheless, our studies suggest that DDAVP may be an additional, useful tool in the therapy or prevention of bleeding in afibrinogenemia, particularly in view of its ease of use and lack of side effects (39) . It is important to point out that the administration of DDAVP has no effect on the plasma levels of fibrinogen. Therefore, it may only help improve formation of the platelet plug by increasing the plasma levels of vWF and cannot improve the clotting defect of afibrinogenemic patients.
In conclusion, our studies demonstrate that the binding of vWF to GPIIb/IIIa promotes platelet aggregate formation in the absence of fibrinogen. This function is distinct from that seen after binding of vWF to GPIb, as it involves different platelet agonists and distinct membrane receptors. In spite ofthe possible role in mediating events of primary hemostasis in afibrinogenemic patients, however, the question remains of whether vWF binding to GPIIb/IIIa may also have a physiologic role in normal. Although minimal binding of vWF is expected to occur at the relative concentrations of vWF and fibrinogen that are present in plasma, the situation may be different at sites of vascular injury, where release of vWF from platelets and altered endothelial cells, as well as its interaction with subendothelial structures, may create conditions favoring vWF binding to GPIIb/ HIIa. In this regard, our work may provide the molecular basis to explain previously published observations, showing that (a) interaction of platelets with platelets adhering to glass beads requires vWF and is enhanced in the absence of fibrinogen (40) ; and (b) thrombus formation, in addition to platelet adhesion, is abnormal in patients with von Willebrand disease who lack vWF (41) . Thus, vWF might contribute, by means of its binding to GPIIb/IIIa and with the essential participation of fibrinogen, to create a stable platelet aggregate in the process of normal hemostasis.
